In order to obtain a better understanding of secondary flow in a turbine cascade, spatial development of a leading-edge horseshoe vortex has been investigated experimentally in a large-scale, low-speed, highaccelerated, plane turbine inlet guide vane cascade. Flow has been visualized by issuing kerosene vapor into the inlet boundary layer and the vane suction surface boundary layer, respectively.
INTRODUCTION
One of the problems that arises in the design of a turbine, in particular a low aspect ratio turbine, is how the designer controls secondary flows. In order to overcome these difficulties, to begin with, it is important to understand sufficiently the secondary flow phenomena.
It is well known that flow visualization contributes considerably to a better understanding of the qualitative behaviour of complex flow structures like secondary flows.
Smoke visualizations by Herzig et al. [11 demonstrated the roll-up of the endwall boundary layer into a passage vortex.
Langston et al. [2] made a detailed study of the evolution of the flow in a large scale turbine rotor cascade, including endwall flow visualization and smoke addition to the boundary layer. They observed the limiting streamlines on the endwall associated with the leading edge horseshoe vortex, and the limiting streamlines on the suction surface.
Marchal and Sieverding [31 used smoke and a laser light sheet to visualize a cross section of the flow near the leading edge and in the cascade outlet plane just ahead of the trailing edge for both a turbine rotor cascade and a turbine stator cascade. With this technique, they obtained a view of the flow pattern in a plane. Gaugler and Russell [4] obtained more details on the horseshoe vortex by injecting neutrally buoyant helium filled soap bubbles into the upstream boundary layer of a cascade. They showed the corkscrew flow path of streamlines caught in the horseshoe vortex.
Moore and Smith [5] measured the flow trajectories by ethylene detection in the exit plane of a replica of Langston's cascade. They obtained information about the evolution of horseshoe and passage vortices through cascade passages.
A more detailed explanation of the synchronous evolution of horseshoe and passage vortices was given by Sieverding and Van den Bosch [6] . They used a colored smoke wire technique to visualize the evolution of two stream surfaces through cascades. Based on photographs and direct observations, they presented the flow model and concluded that horseshoe and passage vortices do not exist independently of each other, but are part of the same vortex structure.
In this state of progress in research, it would be worthwhile to conduct an experimental study in order to investigate the more detailed structure and development of streamwise vortices in a trubine cascade.
In the present study, the horseshoe vortex is visualized by issuing kerosene vapor as a thin film tangentially into the inlet boundary layer through a slit upstream of the vane leading edges. In addition, the vane suction surface boundary layer is visualized by kerosene vapor. Further, quantitative measurements of static pressure on the vane surface and the endwall are performed, with the aim of supporting the observations. he experimental apparatus is shown schematically in Fig.2 . The duct (i.e. 300mm x 300mm rectangular section and 812mm length) was attached to a low-speed blow-down wind tunnel with a gap of 5mm so as to make the boundary layer develop from the leading edge at the duct wall. The cascade of four vanes is located at the end of this duct. The end vanes have adjustable tailboards to control the streamdirection in the inlet boundary layer. The method of the determination of the tailboard angle will be discussed later in "Interaction Of Inlet Boundary Layer With Vane". The vanes, the endwalls, the tailboards and the duct were made of transparent acrylic resin for flow visualization. A slit, spanned 300mm in the lateral direction on the duct endwall, is located about 670mm upstream of the vane leading edges. Kerosene vapor used for flow visualization is issued as a To supplement flow visualization of the inlet boundary layer, the boundary layer on the vane suction surface was observed using two slits on the suction surface near the leading edge (see Fig.3 ). One slit is located near the mid span, and the other near the endwall.
The upstream inlet velocity, UIN, was 3m/s corresponding to inlet and exit Reynolds numbers based on the axial chord of 1.6 x 10 4 and 4.8 x 10 4 , respectively.
The flow was illuminated by stroboscopic light to observe the figure of the vortices. The light sheet was generated by inserting a slide mount with a slit into a slide projector. As a light source, however, a stroboscopic light was used instead of a projector light in order to obtain a higher intensity ray. The light sheet had a thickness of about lmm at the test section. As the inlet velocity was low (i.e. 3m/s), the streamwise vortices oscillated in a very small range in a cascade passage, and the flow was practically steady. Therefore, each photo was taken at leisure.
Measurements of static pressure on the vane suction and pressure surfaces at the mid span position and near the endwall were performed by using inclined manometers. Static pressure distribution on the endwall was obtained with 102 static pressure taps distributed over the surface.
The inlet boundary layer profile was measured at a point 192mm upstream of the vane leading edges by using a single sensor hot wire probe with a 0.005mm dia tungsten wire.
The experimental accuracies associated with hot wire measurements are as follows:
Linear position ±0.1 mm Velocity ±3 percent
RESULTS AND DISCUSSION

Inlet Boundary Layer
The distributions of the normalized mean velocity in terms of Blasius similarity variable I and the fluctuations divided by UIN (upstream inlet velocity) in the endwall inlet boundary layer are respectively shown in Fig.4 (a) and (b). These measurements were taken at a point 192mm upstream of the vane leading edge by a hot wire probe. From these results, the inlet boundary layer is seen to be a Blasius one with a very low turbulence (i.e. about 0.22%).
Static Pressure Measurements
The results of static pressure measurements taken on the vane suction and pressure surfaces at 50 percent span height are shown in ment between the analysis and experiment is obtained. On the suction surface, the agreement is less satisfactory. It seems that this deviation is due to a crossflow on the endwall from the pressure to suction surface. The results of the static pressure measurements taken on the endwall (Fig.6(a) ) and those of a two-dimensional incompressible potential flow calculation (Fig.6(b) ) are shown in Fig.6 respectively. As compared with Langston's [2] results, it seems that the calculated values agree qualitatively with the measured values except the position of a local minimum pressure. This qualitative agreement is perhaps due to the high accelerated passage (a minimum Cp becomes about -13, but Langston's minimum Cp becomes about -3.3) and the low turning angle (inlet guide vane was used, but Langston et al. [2] used rotor blade) and the high aspect ratio (in this case, it is 3.79, but Langston's aspect ratio is about 1.0). The appearance of a local minimum pressure on the endwall is in accordance with Langston's [2] results. The reason why the saddle point has not been obtained is due to the insufficient number of the static pressure taps near the vane leading edge. Figure 7 shows the spanwise distributions of Cp on the suction surface near the endwall. It is interesting to note the rear portion of the vane (i.e. X/Ca = 0.84, 0.90, 0.96) becomes slightly loaded with respect to the value of the mid span. This high lift in the rear portion was found by Langston et al. [2] . Furthermore, it can be seen that the minimum pressure coefficient point of each axial chord in the rear portion is significantly moved toward the mid span. This feature will be discussed later in "Formation And Development Of Horseshoe Vortex".
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X/Ca By issuing kerosene vapor from a slit made upstream of the vane leading edge into the inlet boundary layer as a thin film tangentially along the endwall, the interaction of the inlet boundary layer with the vane was examined.
In a preliminary investigation, it was found that the change of the tailboard angle (i.e. the change of the flow exit angle) affected not only the direction of the streamlines in the inlet boundary layer but also the cross-sectional figure of the streamwise vortices. These features seem to be due to an upstream-influence of the change of a transverse pressure gradient by the change of the tailboard angle. Therefore, the tailboard angle was adjusted to obtain a clear crosssectional figure of the streamwise vortices (optimum tailboard angle 71 0 ). It seems that the streamdirection in the inlet boundary layer is probably different from the streamdirection in the main flow.
An example of perspective view obtained through the endwall is shown in Fig.8 . It can be seen that the inlet boundary layer separates upstream of the leading edges of the vane cascade, and then is divided into two parts (i.e. one is the pressure-side inlet boundary layer, while the other is the suction-side inlet boundary layer).
The pressure-side inlet boundary layer is, by a transverse pressure gradient, moved gradually toward the suction surface of the adjacent vane, and comes to join with the suction-side inlet boundary layer. The separation line is revealed by the parabolic-shape line surrounding each vane in Fig.8 .
A notable feature is the observation of kerosene vapor on the vane suction surface at about mid-axial chord near the endwall and its following spread from the endwall to the spanwise direction.
In order to examine these features more in detail, the change in the cross-section of the inlet boundary layer in a cascade passage was photographed. Figure 9 shows the positions of a camera and a light sheet, and Table 1 shows the positions (X/Ca) of intersection of a light sheet with vane suction surface. Figure 10 shows the photographs of each section shown in Fig.9. In Fig.10 , to make the positions of streamwise vortices clear, the relative position of the endwall and the suction surface of the vane are also shown.
Formation And Development Of Horseshoe Vortex
Streamwise vortices were not perceptible upstream of the vane leading edge, but the gradual approach of the inlet boundary layer which has turned to the suction side and the pressure side could be seen.
At the position of the leading edge (section 1), the inlet boundary layer which has turned to the suction side seems to be forming a streamwise vortex, while in section 2, the core of the streamwise vortex can be seen. This streamwise vortex formation corresponds to the suction-side branch of the [61, furthermore, reports that behind the leading-edge plane the whole stream surface starts to rotate, though the cross-sectional views are not given. In our experiment, the same is also observed through sections 4 to 19. As can be seen, compared with the position of a vortex pair (Hs and Hp) in section 3, a rotation of 90 0 can be observed in section 10 and about 180 0 in section 15. It is surmised that this rotating motion is attributed to the increase in circulation of Hp due to the transverse pressure gradient, compared with the circulation of Hs. This rotating motion corresponds to the passage vortex which has been found by Herzig et al. [1] .
As Hs approaches to the vane suction surface, Hs tends to attenuate gradually by the interaction with the vane suction surface (sections 6 and 7). But, by a mutual vortical induction motion, Hs moves away from the vane suction surface again, and, as a result, this wall effect seems to be reduced. Therefore, Hs reappears downstream (sections 8 -19).
It is well known that a pressure in the vicinity of vortex center is very low. It seems that the movements of the minimum pressure coefficent point of each axial chord (X/Ca = 0.84, 0.90, 0.96, see Fig.7 ) correspond to the change of the rotating motion of a vortex pair (Hs and Hp). Therefore, it is surmised that the high lift of the rear portion (see Fig.7 ) is due to the effect of the sufficiently developed streamwise vortex (i.e. Hp).
Formation And Development Of A New Vortex Pair
After the formation of Hs and Hp shown in section 3 in Fig.10 , the lower part of the vortex pair (Hs and Hp), as it flows downstream, can be seen migrating toward the suction surface due to a transverse pressure gradient (section 4). The lower part, after migration, arrives at the suction surface and, thereafter, moves toward the mid span along the suction surface (section 5). After this movement, the kerosene vapor, by the interaction of Hs with the suction surface, begins to form a new streamwise vortex (this new streamwise vortex is named vortex III) having the same rotational direction as that of Hp (section 6). The clearest view of it seems to be in section 9. Vortex III makes movements as if it were absorbed by Hs (sections 10 and 11).
On the other hand, another new streamwise vortex is also formed (sections 7 -9) by the interaction of vortex III with the suction surface (this another new streamwise vortex is named vortex IV). The core of vortex IV is not clearly discernible at this inlet velocity (i.e. 3m/s), but, by reducing the inlet velocity to lm/s, the vortex IV comes to show a clearly defined core (see Fig.11 ). Vortex IV seems to rotate in the opposite direction of vortex III. The start of the dissipation of vortex IV seems to be in section 12 in Fig.10 , and vortex IV seems to dissipate completely in the rear of the trailing edge (sections 16 -19) .
A notable feature is that the lower part of a vortex pair (He and Hp) as shown in section 3 in Fig.10 , as it flows downstream, is divided into two parts (sections 5 and 6). One seems to correspond to the "leg" of a vortex pair (Hs and Hp), while the other seems to be evolved to a vortex pair (III and IV). Figure 12 shows the schematic figures of vorticies in sections 3, 6 and 9 in Fig.10 . Between section 3 and 6, the "leg" of a vortex pair (Hs and Hp) migrates on the endwall toward the suction surface, and in section 9, the "leg" of a vortex pair (Hs and Hp) turns associated with the motion of a vortex pair (Hs and Hp). However, once the root of the "leg" reaches the corner of passage, it stays put. The "leg" is bent strongly into a direction parallel with the suction surface. On the other hand, the root of the "leg" of a vortex pair (III and IV) migrates on the suction surface toward the mid span. Therefore, Oil flow technique could not be used in this experiment because of the very low speed (i.e. small shear stress). So, smoke flow visualization of the vane suction surface boundary layer was attempted in order to obtain information about the interaction of the vane suction surface boundary layer with the streamwise vortices.
The results are shown in Figs. 14 and 15. Figures 14 and 15 show respectively the flow pattern near the mid span and near the endwall. The flow in the vicinity of the mid span is essentially two-dimensional (see Fig.14(a) and  (b) ), but the boundary layer separation is observed near the rear portion of the suction surface (see Fig.14(c) and (d) ). On the other hand, the flow near the endwall is very complex (see Fig.15 ). In Fig.15(a) and (b) , it can be seen that the vapor migrates toward the mid span by a transverse pressure gradient as it flows downstream. This feature seems to correspond to the formation process of vortices III and IV. Another feature is that a part of vane suction surface boundary layer is absorbed into Hs and vortex IV (see Fig.15(c)  and (d) ). The striking feature is that the flows of the rear portion on the vane suction surface are turned toward the mid span (see Fig.15(a) and (b) ). It seems that the cross flow by a transverse pressure gradient penetrates into the separated thin layer near the rear portion of the suction surface.
Intersection of vane Suction
Miqration line (1) The existence of the pressure-side branch of the horseshoe vortex (Hp) and the suction-side branch of the horseshoe vortex (Hs) was confirmed by flow visualization technique and, the detailed evolution of horseshoe vortex into streamwise vortices through the passage was photographed.
/ Trailing
(2) The pressure-side and suction-side branches of the horseshoe vortex do not exist independently, but as a pair of vortices.
Further, this vortex pair shows a mutual vortical induction motion, which is known as the passage vortex, from the throat-vicinity to downstream. The general tendency coincides with the results of Sieverding et al. [6] . Furthermore, the migration of the root of the "leg" of a vortex pair (Hs and Hp) on the endwall seems to correspond to Langston's [2] separation line on the endwall.
(3) By the interaction of the suctionside branch of the horseshoe vortex (Hs) with the suction surface, a new vortex pair appears on the suction surface. The generation process of a new vortex pair is investigated intensively. The migration of the root of the "leg" of this new vortex pair on the suction surface seems to correspond to Langston's [2] separation line on the suction surface.
